INTRODUCTION
Nanodiscs are self-assembling discoidal nanoparticles composed of amphiphilic α-helical scaffold proteins or peptides that wrap themselves around the circumference of a lipid bilayer in a belt-like manner Fig. 1 1, 2 . It is generally accepted that nanodiscs represent the simplest models of high density lipoprotein HDL particles, which play a crucial role in the process of reverse cholesterol transport RCT . In RCT, HDL particles or lipoproteins such as apolipoprotein A-I apoA-I remove excess cholesterol from peripheral tissues and transport it to the liver for elimination 3, 4 .
Although native HDLs are heterogeneous particles with distinct sizes and shapes discoidal and spherical , nanodiscs that reconstitute HDLs homogeneously have attract-beyond their physiological role in lipid metabolism. They serve not only as useful platforms capable of packaging membrane proteins such as bacteriorhodopsin bR 7, 8 and cytochrome P450s 9 in a native-like membrane environment, but also as useful vehicles for hydrophobic drugs 10 or biomolecules 11, 12 . In contrast to the typical bilayer structure of liposomes 13 , nanodiscs are smaller and finer nanoparticles with high dispersion stability, and are thus expected to be potentially more useful than liposomes and may find applications in various fields. Generally, the preparation of nanodiscs is accomplished by the surfactant dialysis method 1, 2, 14 17 in which scaffold α-helical proteins or peptides are mixed with a certain amount of phospholipids solubilized into micelles using a surfactant such as cholate. Dialysis against excess water initiates the self-assembly process by removal of surfactants, and the amphiphilic α-helices stabilize the edges of the phospholipid bilayers, thus leading to homogeneous lipid nanodisc formation. The use of surfactants is avoided wherever possible, because they are often reported to denature proteins or peptides and their complete removal is difficult. Recently, we have succeeded in the artificial synthesis of an amphiphilic α-helical 22-mer peptide NH 2 -PVLES-FKASFLSALEEWTKKLN-NH 2 that mimics and modifies helix 10 of the human apoA-I protein residues 220-241 18 .
By promoting surface activity of the peptide and by a mere mixing of the peptide with phospholipid liposomes without using any additional surfactant, lipid nanodiscs could be produced easily and rapidly. It was also found that a unique amphiphilic structure of the α-helical peptide, one face of which localizes mainly hydrophilic amino acids and the other face mainly hydrophobic amino acids, provides surface properties such as reduced surface tension and ability to solubilize lipids. However, detailed structureproperty relationships of amphiphilic α-helical peptides, especially the effect of the number of amino acid residues on the surface and nanodisc formation properties, still remain unclear. A peptide with a less number of amino acids is advantageous when the cost and variety of nanodisc applications is considered. In this study, we synthesized seven different human apoA-I peptides of varying amino acid lengths residues 220-241 , which mimic and modify amphiphilic α-helical peptides Table 1 . The effects of amino acid residues on the surface properties of peptides were evaluated by surface tension measurements, dynamic light scattering DLS , and negative stain transmission electron microscopy NS-TEM . Finally, we ascertained the critical peptide length of the C-terminal apoA-I domain that leads to lipid nanodisc formation.
EXPERIMENTAL PROCEDURE

Peptide synthesis
Peptides were synthesized using standard Fmoc chemistry with a Syro I peptide synthesizer Biotage . A typical synthesis was carried out using a stepwise solid phase peptide synthesis SPPS procedure on a Rink amide MBHA resin 0.09 mmol scale using 0.4 mmol g 1 . Standard side chain protecting groups included Asn Trt , Lys Boc , Thr tBu , Trp Boc , Glu tOBu , and Ser tBu . Couplings were performed using 1-Bis dimethylamino methylene -1H-benzotriazolium 3-oxide hexafluorophosphate HBTU in DMF over 90 min. Fmoc groups were removed using 40 piperidine in DMF. The peptide was cleaved from the resin, with a concomitant side chain deprotection, by agitation in a solution of 95:2.5:2.5 trifluoroacetic acid TFA / triisopropylsilane TIS /water for 3 h. The crude peptide was precipitated with diethyl ether, centrifuged, washed three times with diethyl ether, and then purified by a pre- Table 1 Peptide sequence and measured mass based on MALDI-TOFMS.
Structure-property relationships of an amphiphilic α-helical peptide parative reverse-phase RP -HPLC on a C18 column. Purity was confirmed by analytical RP-HPLC. Binary gradients comprising solvent A 99 H 2 O, 0.9 acetonitrile, 0.1 TFA and solvent B 90 acetonitrile, 9.9 H 2 O, 0.07 TFA were employed for HPLC. The purified peptide was characterized by matrix assisted laser desorption ionization time-of-flight MALDI-TOF mass spectrometry, where sinapinic acid SA was used as a matrix. Reagents used in this study are mentioned in supporting information.
Surface tension measurement
The surface tension of the peptide, at 25 , was determined by the pendant drop method, performed using an apparatus consisting of an automatic interfacial tensiometer DM500, Kyowa Interface Science and the Drop Shape Analysis software of FAMAS ver. 2.01 19 . A setscrew was used to press the solution out of a syringe and form a drop at its tip. Drop shape analysis was performed as follows: a drop profile was extracted from the image of a drop following which a curve fitting program was used to compare the experimental and theoretical drop profiles Young-Laplace method , which provided the corresponding surface tension value. The evolution of the drop surface tension was followed over 10 min for each concentration of the purified peptide solution. Peptide concentration was determined by a V-560 UV-Vis spectrometer JASCO .
Peptide-lipid nanodisc preparation
Before preparation of the nanodiscs, multilamellar vesicles MLVs of dipalmitoyl phosphatidylcholine DMPC were prepared 20 . For this purpose, DMPC was dissolved in chloroform in a test tube and the solvent was removed by blowing nitrogen gas and by a subsequent overnight storage at room temperature under vacuum to leave a thin lipid film on the test tube wall. Milli-Q ultrapure water 18.3 MΩ cm , used to avoid interference from salts, was added to this lipid film and the test tube was shaken vigorously on a vortex mixer to yield an aqueous solution of MLVs. The formation of MLVs and their sizes several micrometers were confirmed using an optical microscope. The conversion of MLVs to nanodiscs was performed by addition of a peptide solution in a 1:2.5 peptide : lipid weight ratio w/ w , followed by vortexing for 30 min, and subsequent incubation for 24 h at 25 5 .
Transmission electron microscopy TEM 21
A freshly glow-discharged copper grid 200 mesh coated with carbon Excel support film, 200 mesh, Nisshin EM Co. was inverted, with its carbon surface facing downwards, onto a 2 μL droplet of the sample solution placed on Parafilm ® . The sample was blotted using a filter paper after 30 s incubation, following which the grid surface was touched onto a 20 μL water drop. Water was blotted out with filter paper. After repeating the treatment with a second drop of water, the grid was immediately placed onto a 25 μL droplet of aqueous 0.75 phosphotungstic acid at pH 6.8, and then treated again with a second drop of phosphotungstic acid. After 20 s, the excess stain was removed and the grid was allowed to dry thoroughly. Images were taken at 120 kV on an H-7650 transmission electron microscope Hitachi High-Technologies .
Dynamic light scattering DLS
The size distribution of the nanodiscs was measured using dynamic light scattering with a DLS-7000 Otsuka Electronics Co., Japan using a 488 nm wavelength 75 mW Ar laser as a light source at 25 . The time-dependent correlation function of the scattered light intensity was measured at a scattering angle of 90 . Particle size distributions were determined using the software provided with the instrument.
RESULTS AND DISCUSSION
For designing the 22-mer peptide NH 2 -PVLESFKASF LSALEEWTKKLN-NH 2 , we focused on the C-terminal domain of human apoA-I protein residues 220-241 , known to be critical for lipid binding and cholesterol efflux in the native protein 22 . The domain was altered by introducing two conservative amino acid substitutions viz., Ala to Val at position 227 to increase amphiphilicity and Trp to Tyr at position 236 to improve spectrophotometric analysis. In a previous study, this peptide was found to behave like general surfactants, and its estimated critical association concentration CAC and surface tension at CAC were 2.7 10 5 M and 51.2 mN m 1 , respectively.
In order to identify the minimum number of amino acid residues of an amphiphilic α-helical peptide that leads to nanodisc formation, seven peptides differing in lengths 22-, 18-, 14-, 12-, 10-, 8-, and 6-mers were synthesized by decreasing the number of amino acid residues by SPPS. Sequences of the peptides are shown in Table 1 . The length of the peptides was gradually reduced from 22 to 6 amino acid residues towards the C-terminal domain of human apoA-I protein
The synthesized peptides were assigned by MALDI-TOFMS, and their measured mass M H , together with calculated mass, is listed in Table 1 . The measured mass of each peptide was in good agreement to the calculated mass, indicating successive synthesis of the designed peptides. Purity of the peptides was analyzed by analytical RP-HPLC after their purification with preparative RP-HPLC Supporting information . Surface activity of the peptides and surface tensions of the aqueous peptide solutions were measured by the pendant drop method. Figure 2 shows the relationship between the surface tension and number of amino acid residues of the peptides at a concentration of 0.3 mM. The 6-mer or 8-mer peptides, which included only two hydrophobic amino acids Leu and Trp , did not show any surface activity. The 10-mer peptides, which included two additional hydrophobic amino acids Leu and Ala , showed surface tension-lowering activity. Surface tension decreased further upon introduction of hydrophobic Leu and Phe or hydrophilic Ser amino acids, and reached a constant value when using the 14-mer peptide. This suggested that 14 amino acid residues from the C-terminal of human apoA-I protein play an important role in its amphiphilicity. These results, together with our earlier result that showed that surface activity is critical for nanodisc formation with phospholipids, predict that the peptides possessing more than 14 amino acid residues would lead to lipid nanodisc formation. The RP-HPLC retention times of each peptide, Fig. 2 right axis , serve as hydrophobicity indicators. Interestingly, the retention times, which increased with an increase in the length of peptides, became constant for peptides possessing 14 or more than 14 amino acid residues.
Based on our previous work 18 , 0.3 mM peptide solutions were mixed with various amounts of DMPC liposomes, 2.5:1, peptide : DMPC , to confirm the formation of nanodiscs with phospholipids. Although we previously demonstrated that CAC values of peptides are important for nanodisc formation 18 , the minimum number of amino acid resides for effective nanodisc formation was investigated at a constant peptide concentration in this study. Vortexing of the peptides 22-, 18-, or 14-mers possessing more than 14 amino acids rapidly cleared turbid DMPC liposome solutions while solutions remained largely turbid or became slightly transparent when peptides with less than 12 amino acids 12-, 10-, 8-, or 6-mers were used, suggesting nanodisc formation with the former peptides. The size distribution of peptide/DMPC complexes analyzed by DLS is shown in Fig. 3 . This figure clearly indicated that the 18-and 14-mer peptides gave rise to nanoparticles that were 8.1 2.7 nm and 25.5 8.5 nm in diameter, respectively. This suggested that formation of nanodiscs proceeded as predicted from surface tension measurements. The 22-mer peptide was already reported to form 9.5 2.7 nm diameter nanodiscs. Since the 22-, 18-, and 14-mer peptides also exhibited approximately the same hydrophobicity based on RP-HPLC , the difference in nanodisc sizes may be caused by specific interactions arising between peptides possessing different sequences and DMPC, and not due to hydrophobic interactions. Peptides with less than 12 amino acids 12-, 10-, 8-, and 6-mers gave rise to peptide/DMPC complexes that were beyond the upper limit of DLS detection 2 μm , indicating the presence of DMPC liposomes even after mixing of peptides.
Negative stain TEM images of the nanoparticles produced using the 18-and 14-mer peptides are shown in Fig.  3 . Circular and rod-like objects observed in TEM correspond to top-and side-view of the nanodiscs. Particles stacked into a rouleaux formation observed in the image can be attributed to a phenomenon known to be an artifact of negative-stain TEM protocols 23 25 . Further, it is known that DLS measurements often fail to detect nanometersized small aggregates, which coexist with micrometersized particles such as liposomes. This suggests the possibility of nanodisc formation also with shorter peptides 12-, 10-, 8-, and 6-mer albeit at lower yields. Our DLS and TEM measurements demonstrated effective nanodisc formation with 22-, 18-, and 14-mer peptides under the tested conditions.
To our knowledge, this is the first observation that difference in surface activity of peptides, induced by a decrease in the number of amino acid residues, is closely related to their ability to form lipid nanodiscs. The minimum peptide length of the C-terminal of apoA-I leading to nanodisc formation was concluded to be 14 amino acids. The hydrophile-lipophile balance HLB is well known to be an important concept for general surfactants possessing hydrophilic and hydrophobic groups. However, the amphiphilic helical peptide used in this study possesses hydrophilic and hydrophobic faces instead of groups . It seems that a progressive concept is necessary to handle amphiphilic peptides with hydrophilic and hydrophobic faces . These findings will greatly contribute not only to the fundamental understanding of HDLs but also to practical applications of nanodiscs in various fields.
CONCLUSION
Seven peptides differing in lengths 22-, 18-, 14-, 12-, 10-, 8-, and 6-mers that mimic and modify the C-terminal domain residues 220-241 of the apoA-I protein were synthesized by SPPS. Although the 6-and 8-mer peptides did not show any surface activity, the surface tension of water initially decreased with the 10-mer peptide, and became saturated at 51.2 mN m 1 for the 14-, 18-, and 22-mer peptides. Upon mixing the surface-active peptides 14-, 18-, and 22-mer with DMPC liposomes 2.5:1, peptide : DMPC , turbid DMPC liposome solutions rapidly became transparent, and several disk-like nanostructures could be directly observed by negative-stain TEM. These results clearly demonstrate that the surface properties of peptides play an important role in nanodisc formation, and 14 amino acids from the C-terminal of apoA-I is the minimum number within a peptide that leads to nanodisc formation.
These findings will greatly contribute not only to the fundamental understanding of HDLs but also to practical applications of nanodiscs in various fields.
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